Introduction
Understanding relationships between human embryo, oocyte and follicular features and the embryo's developmental potential could yield insights into human developmental biology and, more immediately, assist embryologists in making an informed selection of embryos for transfer. This paper investigates the relationship between multiple features of IVF embryos and the associated oocyte and follicle and the outcome of transfer of these embryos. The aim is to give a predicted transfer outcome for a given batch of embryos. The literature contains a number of studies with the same broad goal and only a few are mentioned here (see Saith and Sargent, 1995 for an extended review and discussion). Most studies have concentrated exclusively on morphological and biochemical features at the embryo stage (Clark et al., 1989; Hardy et al., 1989; Collier et al., 1990; Bose 1991; Armstrong and Chaouat, 1993; Conaghan et al., 1993) . Others have used embryo stage features to classify embryos into grades (Cummins et al., Figure 1. A hypothetical class probability tree and the extracted rules. Each class probability box in the tree contains cases with a similar pattern of features. The proportion of cases in the box belonging to either the 'take home baby' (TH) or 'no take home baby' (NTH) class is shown. Estimated class probabilities for prediction of a new case from its feature values are based on the values in these boxes. The estimates are expressed as percentages against each rule. The class label attached to the rule is that of the class that has a higher probability.
1986; Steer et al., 1992) and then assess the relationship between these pre-defined embryo grades and development. Some have explored the independent contribution of either oocyte or follicle features to the outcome of transfer of associated embryos (Laufer et al., 1985; Cornwallis et al., 1990; Andersen, 1991; Smith et al., 1991) . A different approach has been adapted by Nayudu et al. (1989 Nayudu et al. ( , 1987 who simultaneously investigated features of the oocyte, follicle and embryo stages as well as maternal features (all in the same analysis). This is important given that the development of the embryo cannot be viewed in isolation from the influence of the stages preceding its formation. The data were analysed using statistical techniques of logistic regression and discriminant analysis, which express relationships between the features and transfer outcome in the form of mathematical equations.
A similar approach was followed in this study, in which features recorded at the oocyte and follicle stage that could be traced to each embryo were included. The study differs from those of Nayadu et al. in that it uses an analysis technique that is novel to IVF. The 'class probability tree' analysis method used here (described below) defines relationships in the form of easily understandable rules rather than as mathematical equations. Unlike other studies which pre-select features, all features (a total of 53) recorded by embryologists in the IVF treatment records of patients were included.
Normal practice in the Oxford IVF Unit is to select and transfer a batch of three embryos from an average of seven available embryos, giving a take home baby rate of ~22%. Since it is not possible to identify which one or two of the three embryos resulted in pregnancy in the case of singleton or twin pregnancy, data relating to all three embryos of the transferred batch were included in this study. Data for embryo batches that resulted in a successful IVF treatment cycle ('take home baby') were compared with data for batches of embryos that resulted in a negative pregnancy test ('no take home baby') on transfer.
Class probability trees and rules
Like traditional methods of multivariate statistics, the class probability tree method can analyse a large number of features simultaneously. Unlike traditional methods, which only capture linear relationships between features, complex inter-feature interactions are automatically taken into account. Results are expressed as rules and are easier to understand and apply than mathematical equations.
The class probability tree analysis technique works by analysing data (here follicle, oocyte and embryo features) related to a sufficient number of cases (here batches of embryos). The cases belong to different classes or groups [here 'take home baby' (TH) or the 'no take home baby' (NTH) class] and the pattern of features characterizing each class is discovered. The pattern-class relationships are initially expressed as trees which are then re-expressed as a set of easily understandable statements or rules.
As can be seen in Figure 1 the tree starts as a root node, with a set of cases (in this example, 100 batches of embryos, called the training set) that are to be used to construct outcome-predicting rules. The cases are known to belong to mutually exclusive classes (here TH and NTH). Each training case of a known class is described by its feature values (in the study here, 53 features averaged over the three embryos in the batch). The training data are analysed by the class probability tree program and patterns of features characterizing and discriminating the TH and NTH classes are identified. The computer program used here to conduct this task is C4.5 (Quinlan, 1993) .
Details of tree-extraction methods are beyond the scope of this paper, and the reader is referred to Quinlan (1993) . Briefly, C4.5 looks at the root node to see if all cases at this node belong to the same class. If they do not, as in the hypothetical example in Figure 1 , it then grows branches from this node using the feature that best sorts the embryo batches (feature cell number in Figure 1 ) into distinct groups. The test that determines which feature is the 'best' considers the ability of the feature to sort into groups that contain a high proportion of batches belonging to the same class. The ideal group has either all TH or all NTH outcome. Here different values for feature cell number (≤2 and >2) gave two groups. Both groups clearly had a high proportion of batches belonging to the class NTH (33 out of 39 in one group and 45 out of 61 in the other were NTH batches). Following the split at the root node, the resulting nodes are examined. A further split may take place (see split using feature fragments in Figure 1) as described above or the tree may terminate at a node. This happens in two situations: first, if all cases at a node belong to the same class; second, if the test indicates that the gain by further splitting is unlikely to add to the overall discriminatory power (as here with the feature cell number ≤ 2 branch). Such a terminal node is declared a 'leaf' or 'class probability' box. In Figure 1 the proportion of cases belonging to each class in that box are shown. When used for outcome prediction, this box provides an estimated probability of whether a new embryo batch on transfer will result in class TH or NTH (hence the name 'class probability trees'). This is achieved for a new batch by checking the condition at the top of the tree and working down the branches depending on which branch its features satisfy until a 'class probability' box is reached.
The feature pattern-class relationship expressed in the tree can also be written as a set of rules as in Figure 1 . Each rule contains class probability estimates expressed as percentages. These have been obtained from the proportion of cases in each class in the 'class probability' box in the tree. In this example, the class label attached to the rule is that of the class that has the higher probability. Rule 1, for example, has been obtained from the branch which ends in the class probability box TN:NTH = 6.33. The probability of a new batch of embryos whose features satisfy this branch, resulting in TH are predicated to be 15% (6/39) and NTH are predicted to be 85% (36/39). The class label attached to this rule is that of the higher probability, i.e. NTH. Note that each rule bases 'class prediction' on a majority vote principle. That is to say, where <50% TH is predicted, the class prediction is NTH, and otherwise TH. The 50% prediction criterion is convenient, particularly given the structure of the rule-building C4.5 package, but it is somewhat arbitrary.
Such analysis methods are similar to classification and regression tree (CART) analysis (Breiman et al., 1984) which has found application in a number of areas in medical science. Some recent examples are coronary stent placement (Kastrati et al., 1997) , primary osteomyelofibrosis (Kvasnicka et al., 1997) and breast cancer (Sauerbrei et al., 1997) . The use of class probability tree analysis methods in IVF was to our knowledge first reported in Saith et al. (1994) and is explored further in Saith (1996) . Number and regularity of cells; intercellular fragmentation; visibility of nuclei; darkness, granularity, elongation, shrunken appearance and shape of the cytoplasm; presence of vesicles or refractile bodies in the cytoplasm; thickening and shape of the zona pellucida; grade allotted to the embryo by embryologists based on an assessment of five features as described in Table II FF = follicular fluid. 
Patients, oocytes and embryos
The ovarian down-regulation and stimulation regimes followed at the Oxford IVF Unit were as previously described (Dokras et al., 1990) .
Oocyte retrieval and feature recording
During oocyte retrieval (day 0), >15 features related to the aspirated oocytes and follicles were observed and recorded by the embryologists (see Table I ). Oocytes were incubated for 4-7 h prior to insemination with a sperm concentration of 1×10 5 to 2×10 5 spermatozoa/ml. Oocytes were examined for the occurrence of fertilization on day 1, 15.5-18 h after insemination. Fertilization was indicated by the presence of pronuclei and, if possible, two polar bodies. Eleven features were observed and recorded at this stage (see Table I ).
Transfer of embryos usually took place in the afternoon on the second day after insemination (day 2). Embryos were checked twice on the day of transfer. The first check was carried out in the morning. The second was performed just before embryo transfer. Thirteen features relating to embryo morphology were recorded (see Table I ) on each occasion. An additional feature recorded at the second check was embryo grade. This is the grading allotted by embryologists to individual embryos based on an assessment of five features as detailed in Table II . Although guidelines were available, the grading was inevitably subjective due to the nature of the features being assessed.
Criteria for embryo selection in use in the Oxford Unit
A maximum of three embryos were selected for transfer. The selection method was developed and refined based on past experience of outcome of transfer of embryos with certain characteristics as well as biological insights obtained from studies reported in the literature. In order of importance the criteria taken into consideration by embryologists when selecting embryos were as follows. Grade 1 embryos were preferred followed by grades 2 and 3. Follicle size was then considered with a preference for embryos resulting from oocytes that were recovered from follicles between 16 and 18 mm diameter. Following this assessment, oocytes with a light corona were considered as being adequately mature as compared to those with a very light corona which indicated immaturity or a dark corona which indicated progression towards post-maturity. In addition to the above feature preferences, embryos that showed visible nuclei in the cells were preferred. Embryos that showed abnormalities associated with the ooplasm or cytoplasm, i.e. darkness, granularity, elongation, odd shapes, shrunken appearance, presence of vesicles or refractile bodies, were usually not chosen. Further, even if an embryo had a very good grade and ideal appearance of the corona and an ideal follicle size, the association of abnormalities, e.g. elongation or thickening of the zona pellucida, reduced the chance of the embryo being selected for transfer. In the case of patients who had previously had a treatment cycle at the IVF unit, the records of the in-vitro development of spare embryos in those cycles were referred to. A note was made of the grade, follicle size and appearance of the corona associated with embryos that proceeded to form blastocysts. Embryos that showed properties similar to these were preferred over others when selecting embryos for transfer.
Patient selection for inclusion in the study
Approximately 750 IVF patients who received treatment between June 1992 and November 1993 were considered for inclusion in this study. Collection of data was halted as soon as 200 eligible cases (criteria described below) were obtained. Of the 750 patients considered, certain pre-decided categories were considered ineligible. These were patients who had less than three embryos transferred, an IVF outcome other than take home baby (TH) or negative pregnancy test (NTH), patients lost to follow-up such that the final outcome was not known and patients whose files were not traceable. Further, some patients had to be excluded because some of the 53 features chosen for inclusion could not be traced to the individual embryos. These included patients in whom more than one oocyte was detected in the follicular fluid (FF); those with oocytes obtained from the fluid aspirated from the pouch of Douglas or by re-inserting the needle into follicles that originally did not yield an oocyte and subsequently re-expanded; and finally cases where multiple oocytes were inseminated in a single dish as a result of low sperm count. 
Method of analysis Features included in the study
Fifty-three features recorded at different stages of the IVF process as detailed in Table I were collected from patient files for each of three embryos transferred.
Program used to conduct the analysis
The tree program C4.5 was used to conduct the analysis and was executed under the UNIX operating system. Details of the program are in Quinlan (1993) .
Obtaining rules
A total of 200 patients were selected for analysis as outlined previously. Each batch of three embryos transferred was classified as TH or NTH depending on the outcome of transfer. A batch of three was classified as TH if transfer resulted in either one, two or three take home babies. In the data here 60 batches were classified TH of which 40 were singletons, 18 were twins, and there were two sets of triplets. A batch of three was classified NTH if it resulted in a negative pregnancy test. A total of 140 batches were classified NTH. Fifty-three features (outlined in Table I ) related to each of the three embryos were extracted from patient records. Class probability tree analysis was conducted on the data to obtain rules characterizing TH and NTH classes. The procedure involved the following.
Data conversion
The 53 features related to each of the three embryos were extracted from patient records and coded for use in the analysis. Depending on the properties of the feature, the assigned numbers or codes were either nominal, ordinal or ratio measurements. Details on the level of measurement to be assigned to a value can be found in SPSS (1993 Table III gives examples of some features, the possible values recorded in IVF files, the level of measurement and the codes assigned (such details pertaining to all 53 features are included in the Appendix). Each batch of three embryos was described by a representative value for each feature, either the mean, the median or the mode. For nominals the mode, for ordinals the median, and for ratio measurements the mean were calculated (if due to missing values the median or mean could not be calculated, the mode was used; if in nominals all three values were different, e.g. yes, no, ?, then the mode was entered as unknown, i.e. ?). Table IV gives one example of this calculation. This procedure gives one representative value for each feature for a batch of three embryos. Table V shows the first few items of data in the form of representative batch values calculated as in Table IV . Predicted class = the class assigned to a case (i.e. batch of embryos) by the rule it satisfies. Actual class = the class to which it actually belongs, i.e. the actual outcome of transfer of the batch of embryos. Tp, or true positives = the number of cases that belong to class TH and are classified (i.e. predicted) as TH. Fp, or false positives = the number of cases that belong to the class NTH that are misclassified as TH. Fn, or false negatives = the number of TH cases misclassified as NTH. Tn, or true negatives = the number of NTH cases correctly classified as such. N1 = total number of cases that belong to the class 'TH'. N2 = total number of cases that belong to the class NTH. N3 = total number of cases classified by the rule set as TH. N4 = total number of cases classified by the rule set as NTH, calculated by adding Fn and Tn. N = total number of cases in the training set. Overall accuracy = (Tp + Tn)/N. TH accuracy = Tp/N3.
Training and test sets
The converted data were split randomly into two groups. One group consisted of 150 batches for conducting the analysis on (i.e. training set) and obtaining the rules, and the other of 50 batches for testing the results obtained (i.e. test set). The training set is the sample from which sets of outcome-predicting rules are constructed. The test set is used to test these rules to see how well they predict the TH/NTH outcomes of a new set of cases.
Accuracy of rules obtained
The performance of a given set of rules when classifying N cases can be summarized by a 2×2 (two by two) table as shown in Table VI , together with the meanings of the entries. Recall from the section on 'Class probability trees and rules' the manner in which the trees and rules are constructed and the class label attached to the rule. The accuracy of the rules is then estimated by the fraction of cases correctly classified, i.e. (Tp + Tn)/N, where Tp = true positives, Tn = true negatives, N = total number of cases. This fraction is sometimes expressed as a percentage by multiplying the number obtained by 100. A further statistic is the proportion of all the positive predictions which turned out to be positive (i.e. TH) in actuality. In Table VI , this is Tp/N3, and termed here as 'TH accuracy'. For example, if a policy were under consideration to transfer only those batches of embryos which the rule predicts as TH outcome, Tp/N3 gives the expected proportion of the TH outcomes, provided that the rule has been obtained by a method free from bias.
Two types of accuracies can be distinguished, 'apparent' and 'predictive'. Apparent accuracy is when the calculations above are performed on a 2×2 table obtained from classifying cases in the training set (i.e. the cases used to construct the rules initially). It is not an unbiased guide to what will happen if the rule is applied to predict new cases. An unbiased estimate of the predictive accuracy, i.e. an estimate of the ability of the rules to predict the outcome of new cases, however, can be obtained by the procedure of cross-validation (Weiss and Kulikowski, 1991) . In this procedure, the training set is divided (N = total number of cases in the set) so that a few cases (k) are 'left out' and used as the 'test' set. The 'test' set serves the role of providing new data. The rules obtained by training on the remaining cases (N -k) are tested for their classification ability on the test set. This procedure is repeated by 'leaving out' a different group of k cases, on each occasion selected at random. Thus each case in the sample is used as a test case and each time most of the cases are used for training. The estimate of predictive accuracy of the rule set obtained by training on all the cases is then the average of the predictive accuracy for each test sample calculated from a 2×2 table, similar to that shown above.
If adequate data are available, a further, and independent, unbiased estimate of predictive accuracy is obtained when the rule is run on a test set of new cases drawn from the same data source.
Usually the apparent accuracy of a set of rules will be more optimistic (that is, higher) than its predictive accuracy, as the rules may be 'over-fitting' the training data. Estimates of predictive accuracy are free from bias of this kind and give the truer picture.
Tree and rule construction
The data for the training set of 150 batches with 105 belonging to the NTH class and 45 to the TH class was analysed using C4.5. Details of the tree construction process and that of converting the trees to rules (which indicate the features characterizing and discriminating TH embryo batches from NTH) are in Quinlan (1993) . It is sufficient to be aware that different candidate trees (and therefore rules) are obtained by the systematic variation of C4.5's parameters. A predictive accuracy estimate for each rule set was calculated by the procedure of 'leave 10 out' (k = 10) cross-validation. The rule-set with the highest cross-validation estimate of predictive accuracy was selected as the 'best rule-set'. This was then used to classify cases in the test set of 50 batches to yield an independent and more direct estimate of predictive accuracy.
Results
The results are presented as follows. First, the rules obtained are shown. Next the 2×2 table representing the performance from 'leave 10 out' cross-validation with estimates of predictive accuracy and TH predictive accuracy are given (Table VII) . This is followed by a 2×2 table (Table VIII) representing the performance of the rule set on the test set of 50 batches.
Rule Set 1 (Figure 2) , obtained by the analysis of all 53 features, is presented first. It must be remembered that the analysis has been conducted on the representative values calculated for every batch of three embryos.
Note that Rule Set 1 corresponds essentially to the embryologists' existing selection criteria with an important refinement requiring just two of the remaining 52 features. The results shown in Table VII raise the possibility that if embryo batches were selected for transfer using this refinement, i.e. embryo grade = 1 together with follicle size and volume, then substantially improved take home baby rates of 61% may be expected in that subgroup of patients who had a batch satisfying these conditions. This expectation is subject to sampling error and to the qualifying presumption that new cases of broadly similar characteristics are treated under similar conditions. Table VIII, which summarizes a wholly independent subset of the data, corroborates the estimates from Table VII. 
Exclusion of the embryo grade feature from the analysis
Embryo grade is one of the 53 features used in the analysis. It is the grading given by the embryologist to each embryo and involves the composite assessment of five features (as described in Table II ). While each of these features has been separately included in the analysis, the importance of these features individually could be masked by the embryo grade. In order to understand better the nature of this composite assessment, the analysis by C4.5 was repeated on the data after excluding the embryo grade feature. Any feature or features that appeared in the second set of rules in place of the embryo grade can then be assessed with regard to their ability to substitute for the composite embryo grade feature. The results of this exercise are shown in Rule Set 2 (Figure 3) and Table IX . Rule Set 2 suggests that the important aspect captured by the embryologists' grading is the cell number recorded at the first check on day 2. Replacing 'embryo grade is 1' by 'cell number >3' is not shown to cause any significant alteration in either the estimated predictive accuracy or estimated predictive TH accuracy rates (Table IX) . Table  X gives further support to this.
Discussion
The broad principles identified by Rule Sets 1 and 2 are discussed first. The subsections following these concern the excessively precise nature of some of the thresholds, and the possible irrelevance of some conditions in the rules. 
Rule Set 1
Rule Set 1 is based on the existing embryologists' selection criteria with an important refinement requiring just two of the remaining 52 features, namely follicle size and FF volume. The results shown in the corresponding 2×2 table raise the possibility that if embryo batches were selected for transfer using this refinement, i.e. 'embryo grade is 1' together with follicle size and volume, then substantially improved take home baby rates (>60%) may be expected in that subgroup of patients who had a batch satisfying these conditions. This expectation is, of course, subject to sampling error and to the qualifying presumption that new cases of broadly similar characteristics are treated under similar conditions. A practical barrier to application is that, if only the subgroup of patients who had batches of three embryos that satisfied the TH criteria were treated, then only 10 out of 50 patients (i.e. one out of five) would be included in this group. A very high number of patients (four out of five) would have to be excluded from embryo transfer. The predictive accuracy obtained here is comparable to that obtained by the Nayadu et al. (1987) study, which was able to give a 68% estimate of predictivity. However, this 68% estimate of predictivity suffered from a source of potential bias in the optimistic direction, since it was based on the same data sample as that used to construct the predictive formula (explained below). The present work avoids this and obtains from our material a unbiased estimate of up to 61% (and in case of Rule Set 2 up to 67%).
The identification of embryo grade as an important feature provides quantitative verification of the embryologists' intuition. Embryo grades are, however, assigned by the embryologist after considering only five features, namely, cell number, fragments, regularity, darkness and granularity of the cytoplasm just prior to transfer (that is, check 2 on day 2). With reference to the embryologists grading scheme (see Table II ) it is evident that grade 1 embryos are characterized by four or five cells (i.e. a rate of cleavage that is neither too slow, nor too fast), that are fairly regular and have few or no fragments in the perivitelline space. Our results suggest that the predictive power of the embryologist's grade is concentrated in its first component (cell number) -see discussion of Rule Set 2 below.
The identification of follicle size and FF volume confirms that the oocyte stage plays an important role. A number of studies have reported that follicle size and FF volume reflect the maturity of the oocyte from which the embryo was derived (Scott et al., 1989; Simonetti et al., 1985) . With increasing ovarian stimulation, the size (and volume) of the follicles gradually increases, reflecting the progressive maturation of the contained oocyte. The rule set obtained here identifies a representative follicle diameter >16.33 mm as one of the key determinants of the potential of a batch of embryos to result in a TH outcome. During the selection procedure, embryologists at the Oxford Unit together with other features consider a follicle diameter anywhere in the range of 16-18 mm to indicate an embryo with the ability to progress to a clinical pregnancy. The rules obtained here provide an excessively precise value (16.33 mm) for this feature due to the nature of values obtained when averaging over a batch. Further analysis described below suggests that a rounding up to 16.4 is acceptable.
Other studies support the finding that embryos from very small oocytes have a poor developmental potential. Lopata (1982) showed that only oocytes from larger size follicles resulted in pregnancies. Although immature oocytes (prophase I in Veeck, 1988) are capable of undergoing fertilization and cleavage, the resulting embryos have been shown to have no potential (or a very low potential) for developing into a pregnancy (Zenzes et al., 1985; Veeck, 1988) . Zenzes and colleagues suggested that one possible reason for this could be that marked asynchrony in pronuclear morphogenesis caused developmental arrest. Simonetti et al. (1985) also found that the rate of abortion was very high when the conceptus was derived from follicles of a smaller size (<2.0 ml FF aspirated).
A mean FF volume between 2.75 and 4.25ml was also identified in the original rule set. The analysis in the following subsection, however, shows that the lower boundary of FF volume was redundant in the presence of follicle size, given the expected correlation between the two features (assuming a spherical shape for the follicle, diameter of 16.4 mm is equivalent to ~2.3 ml FF volume). The upper bound of FF volume of ≤4.25 ml complemented the follicle size. Further, analysis in the following subsection shows that this could be approximated to 4 ml without a significant lowering in the predictive accuracy. While the follicular size cut-off value of >16.4 mm therefore excludes immature oocytes, the FF volume value of 4 ml excludes post-mature oocytes from the high potential group. The values for these features thus define an 'oocyte maturity window'. Nayudu et al. (1987) also showed that the majority of normal pregnancies resulted from follicles that had an intermediate volume, i.e. those containing mature rather than immature or post-mature oocytes. Veeck (1988) showed that oocytes of more advanced maturity resulted in greater pregnancy loss after implantation. Follicles with a higher FF volume are likely to have been stimulated for a longer duration resulting in aged post-mature oocyteswith a higher likelihood of defects of the meiotic apparatus (Jongbloet and Zwets, 1976) .
Embryologists in the Oxford Unit have not in the past considered FF volume when selecting embryos. The class probability tree analysis technique has indicated that it is worthy of further investigation. Nevertheless the findings that FF volume is identified after follicle size in the Rule Set and that the lower bound could be dropped without a reduction in accuracies, indicate that follicle size is more predictive than FF volume. This agrees with clinical judgement. In the IVF Unit, measurements of follicle size are considered more reliable than FF volume as not all the fluid in the follicle may have been aspirated. Further, measurements of volume of fluid aspirated are not estimated precisely, due to the need for speed in moving the recovered oocyte into the 37°C incubator. On comparison of Rule Sets 1 and 2, the identification of cell number, in place of embryo grade, indicates that, while embryologists arrive at a value for embryo grade using a (relatively) complex assessment of five other embryo features, the main aspect captured is the cell number, i.e. the rate of cleavage. This is further supported by the finding that Rule Set 2 has exactly the same accuracy of classifying embryos in the test set (74%) as Rule Set 1.
A number of studies corroborate the choice of a mean cell number >3 by reporting higher IVF success rates when embryos with a faster rate of cleavage were chosen for transfer (Mohr et al., 1983; Trounson, 1983; Edwards et al., 1984; Claman et al., 1987; Staessen et al., 1992; Giorgetti et al., 1995; Ziebe et al., 1997) . Some studies, however, suggest that too rapid a rate of cleavage could actually prove detrimental (Testart, 1986; Cummins et al., 1986; Giorgetti et al., 1995; Ziebe et al., 1997) . The Rule Set here does not define an upper limit to the cell number. It is highly probable that when the rule 'cell number >3' is used in conjunction with the other rules, namely 'follicle size <16.4 mm' and 'FF volume >4 ml', this would ensure that embryos with a very rapid cleavage rate would be excluded from the batches of embryos identified as having a good developmental potential. Although embryologists assess the level of fragmentation and regularity of cell size when assigning an embryo to grade 1, Rule Set 2 indicates the relative unimportance of these features. Cells do not all cleave at the same rate and it is quite normal to observe a large percentage of embryos at 3-cell or 5-cell stages with irregular cell sizes. Opinion in the literature is divided concerning the importance of fragmentation as an indicator of embryo quality. Cohen et al. (1989) reported that embryos with a lesser degree of fragmentation correlated well with an increased incidence of clinical pregnancy (Cohen et al., 1989) . Similarly Staessen et al. (1992) and Dor et al. (1986) reported that unfragmented embryos have a greater chance of resulting in pregnancy, while Claman et al. (1987) maintained that the presence of fragments does not affect further embryo development.
The importance of follicle size and the upper boundary for FF volume remain undiminished in Rule Set 2 with the same values as those identified in Rule Set 1.
Further investigation into the FF volume components of the rule sets
The feature FF volume was identified as being important by both rule sets. However, follicle size would be expected to bear a strong correlation with the FF volume. In the presence of follicle size, the feature FF volume may not contribute towards any substantial increase in the estimated predictive accuracy and hence its importance was investigated in an independent analysis.
Given the relationship between follicle size and FF volume, it may be expected that the lower bound (i.e. FF volume >2.75 ml) would be sufficiently captured by the follicle diameter >16.33 mm component. The ability of the rule sets to classify batches, when either the lower bound for FF volume or the FF volume component was completely excluded, was investigated. The predictive accuracy and TH predictive accuracy values were estimated by using the modified rule sets to classify new data, in this case the 50 batches in the test set.
The results (Tables XI and XII) obtained indicate that the exclusion of the lower boundary of the FF volume (>2.75 ml) makes no difference to the accuracies and it can therefore be excluded from the rule sets. Exclusion of the upper boundary (≤4.25 ml), however, causes a small fall in the predictive accuracy of Rule Set 2 (from 74 to 72) as well the TH predictive accuracy of both rule sets (from 60 to 57 for Rule Set 1 and from 60 to 53 for Rule Set 2). Whilst the fall appears to be relatively insignificant, caution dictates that the upper boundary on FF volume be retained until the effect of its removal is shown to be minimal on a larger data set.
Are the precise cut-off values for follicle size and FF volume important?
The analysis reported in this subsection investigates whether altering the values of the follicle size and FF volume affects the predictive accuracy and TH predictive accuracy. As with the previous analysis, this was done by testing the ability of the modified rule sets to classify new data (i.e. the test set of 50 batches), and the same warning regarding small sample sizes applies. In light of the results obtained above, the lower boundary for FF volume was excluded from the analysis.
This 'sensitivity analysis' seeks to answer the following question: do small changes in the numerical values of follicle features have large effects on the rule's predictions? Although a relaxation in the follicle diameter cut-off from 16.33 to 16.4 mm causes no alteration in either the predictive accuracy or the TH predictive accuracy values, the results obtained indicate that a relaxation in values for follicle diameter to 16 or 17 mm could result in a substantial lowering of both accuracies. This apparent hypersensitivity to small variations is unwelcome. More robust behaviour would be preferable. It must be remembered moreover, that in clinical practice precise measurement to within 1 mm of follicle size may not be possible given constraints of speed and currently available methods. It should nevertheless be emphasized that the test set of 50 cases represents a rather small statistical sample on which to measure such phenomena. In future this should be looked at using a larger data set, and by investigating the effect of progressively lowering the mean follicle size to 15, 14 or 13 mm and below or progressively increasing mean follicle size to 18, 19 or 20 mm and above in the Rule Sets.
The precise value of the threshold on FF volume, at 4.25 ml, appears to be less critical, with relaxation to 4 or 5 ml causing insignificant changes to both accuracies. A FF volume threshold of 4 ml appears to be just as acceptable as the more precise threshold identified automatically. d0 = day of retrieval day 0; d1 = fertilization check on day 1; d2 = day 2; ch1 and 2 = check 1 and check 2 on day 2; regularity across cells and visibility of nuclei are not applicable at the pronuclear and syngamy stage. Following Quinlan (1993) , values that are not applicable are denoted by '?'. FF = follicular fluid; IVF = in-vitro fertilization; NA = not applicable.
